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This paper discusses the removal of chlorinated volatile organic compounds (Cl-VOCs) from gas streams
by means of ﬁxed-bed adsorption with a commercial activated carbon (AC). Column experiments were
performed at different conditions (inlet concentration, temperature, pressure, gas ﬂow rate and bed
length). A two-parameter model introduced by Yoon and Nelson was applied to predict the entire break-
through curves for chloromethane adsorption. Complete regeneration of the exhausted AC was per-
formed at mild conditions (atmospheric pressure and room temperature). In order to gain a better
knowledge on the effect of the surface chemistry of AC on the adsorption of Cl-VOCs, the quantum-
chemical COSMO-RS method was used to simulate the interactions between AC surface groups and
different Cl-VOCs as monochloromethane, dichloromethane and trichloromethane. This information
can be useful for tailoring the ACs with the objective of improving their adsorption capacities by further
functionalization. To conﬁrm this, the commercial AC tested was modiﬁed by means of different thermal
and oxidative treatments (nitric acid and ammonium persulfate), being the surface chemistry and
textural properties of the resulting materials characterized by different techniques. The modiﬁed ACs
were then tested in column adsorption experiment with different Cl-VOCs. The uptake of these
compounds increased with the basic character of the AC surface.
 2012 Elsevier B.V. All rights reserved.1. Introduction
Chlorinated volatile organic compounds (Cl-VOCs) play an
important role in the chemical and pharmaceutical industries,
where they are used as solvents and reagents. They are also em-
ployed in aerosols, adhesives, dry cleaning, etc. [1] Cl-VOCs are
mainly regarded as xenobiotics, resistant to biodegradation and,
hence, persistent in the environment. Most of them are toxic or
carcinogenic and present potential hazard under exposure [2].
Therefore, Cl-VOCs are classiﬁed nowadays as hazardous gas pollu-
tants and were included in the list of the seventeen highly harmful
chemicals targeted in the emissions reduction effort of the U.S.ll rights reserved.
+34 91 4973516.
).Environmental Protection Agency [3,4]. Emissions of these com-
pounds to the atmosphere contribute to the destruction of the
ozone layer, to the formation of photochemical smog and to global
warming. Hence, they are restricted by strong legal regulations.
This enforces the need of developing effective technologies for
the treatment of residual streams contaminated with Cl-VOCs. This
paper will focus in three of the most common chlorinated com-
pounds in off gases: monochloromethane (MCM), dichloromethane
(DCM) and chloroform (TCM), which are associated to a number of
industrial processes.
Nowadays, the main technique for the removal of these pollu-
tants is incineration, but it may lead to more hazardous byproducts
than the original contaminants, such as phosgene, dioxins and fur-
ans [5,6]. On the other hand, at low Cl-VOCs concentration the use
of catalysts is required for reducing the thermal needs [7,8]. Thus,
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rination using different active catalyst, like Pt or Pd, is one of the
most promising [12–14]. High conversions have been reported
for the most reactive chloromethanes (TCM > DCM > MCM), but
catalyst deactivation is so far a main drawback [15–17]. Biological
treatments using bioﬁlters and biotrickling ﬁlters have been also
studied [18–20].
Adsorption, absorption and condensation are the three most
common non-destructive techniques for the removal/recovery of
Cl-VOCs from gas streams [21–24]. Adsorption with activated car-
bon (AC) has been widely used for the removal of gaseous organic
pollutants [25,26]. The application of different complex sorbent
materials for Cl-VOCs adsorption has been reported in the litera-
ture [27,28]. Long et al. [27] achieved high adsorption capacities
for TCM by means of a hypercrosslinked polymer as adsorbent.
ACs present unique chemical and physical properties that make
them well-known useful adsorbents [29,30]. Although AC adsorp-
tion has been used for decades in industry [31], the question of
the interactions between the adsorptive molecules and the AC sur-
face is still open for a better understanding. The case of Cl-VOCs
entails a particular interest due to their signiﬁcance as hazardous
pollutants [31].
In the present work, column adsorption experiments of three
Cl-VOCs (monochlorometane, dichloromethane and chloroform)
at low concentration using a commercial AC supplied by Merck
have been carried out. Firstly, the inﬂuence of several variables (in-
let concentration, temperature, pressure, gas ﬂow rate and bed
length) has been analyzed in order to optimize the operating con-
dition for an effective adsorption of DCM. The breakthrough curves
are described by a two-parameter theoretical model introduced by
Yoon and Nelson [28,32] which was demonstrated that success-
fully predicts experimental adsorption data for a wide variety of
gas solutes (including chlorinated compounds) onto AC at different
operating concentrations and ﬂow rates, allowing a better under-
standing of the speciﬁc factors inﬂuencing contaminant break-
through [28,33]. The length of the mass transfer zone (HMTZ),(A) MCM (B) DCM
(2) Carboxylic anhydride
(AC-COOCO)
(3) Hydroxyl
(AC-OH)
(6) Nitrile
(AC-CN)
(7) Amide
(AC-CONH2)
Solutes:
Fig. 1. Molecular models of Cl-VOCs and thewhich characterizes the wave front of the ﬁxed-bed column, has
been also estimated since it is useful information for design consid-
erations. Subsequently, the quantum-chemical COSMO-RS (Con-
ductor-like Screening Model for Real Solvents) model, developed
by Klamt and co-workers [34], is used to analyze the Cl-VOC-AC
interactions. Previous works have showed that COSMO-RS method
can successfully be applied to predict thermodynamic adsorption
[35,36] and absorption [37–40] data. In this work, COSMO-RS pre-
dictions of Henry’s law constants, as thermodynamic parameter of
reference for solute-adsorbent interactions of MCM, DCM and TCM
in differently functionalized AC models (Fig. 1) have been per-
formed, with the aim of designing tailor-made AC adsorbents with
improved surface chemistry for selective adsorption of Cl-VOCs. Fi-
nally, the inﬂuence of the surface chemical composition of AC on
the adsorbent performance has been experimentally evaluated by
testing thermally and chemically treated ACs showing different
surface polarity. These ACs have been tested as adsorbents in
ﬁxed-bed experiments for MCM, DCM and TCM. The characteriza-
tion of the modiﬁed ACs by 77 K N2 adsorption–desorption and
temperature programmed desorption (TPD) allows correlating
the porous structure and surface chemistry of the adsorbents with
their capacity for retaining Cl-VOCs from gas streams.
2. Experimental
2.1. Materials
A commercial AC supplied by Merck (AC-MkU) was used as
adsorbent both virgin and after modiﬁcation by oxidative treat-
ments with nitric acid and ammonium persulfate. These two re-
agents were supplied, respectively, by Riedel de Haën and
Sigma–Aldrich (both with purity >98%). Nitric acid treatment was
carried out by boiling 1 g of AC in 10 mL of 6 N nitric acid solution
for 20 min as described elsewhere [41], giving rise to AC-MkN. Oxi-
dation with ammonium persulfate was performed by treating 1 g
of AC in 10 mL of 1 M solution at room temperature [42], leading(C) CLF (1) None functionalization
(AC)
(4) Carboxylic acid
(AC-COOH)
(5) Carbonyl
(AC-CO)
(8) Amine
(AC-NH2)
(9) Pyridine
(AC-Pyr)
Adsorbents:
nine different functionalized ACs tested.
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distilled water until neutrality and dried overnight at 100 C. Final-
ly, the ACs were grinded and the fraction between 0.1 and 0.5 mm
particle size was separated by sieving and used in the experiments.
Commercial mixtures of N2 with MCM, DCM and TCM (at
4000 ppmv in all cases) and bare N2 (purity 99.999%) were sup-
plied by Praxair.2.1.1. Adsorption experiments
The adsorption of Cl-VOCs was evaluated in a continuous ﬂow
system (depicted in Fig. 2, Microactivity-Reference unit, PID End&-
Tech), consisting basically of a quartz ﬁxed-bed column (1/4 in.
diameter), coupled to a gas chromatograph with a ﬂame ionization
detector (Varian 450-GC). Experiments were conducted under dif-
ferent conditions of temperature, pressure, total gas ﬂow, inlet
chloromethane concentration and bed length. Desorption experi-
ments were performed after exhaustion of the adsorbents using
the same experimental set-up, passing a N2 ﬂow of 100 mL min1
through the column.
The inlet gas, with a chloromethane concentration from 200 to
4000 ppmv, was prepared by mixing adequate proportions of the
starting chloromethane/N2 commercial mixture and N2. The values
of initial concentration (C0) reported are those registered by gas
chromatograph.
The porous structure of the starting and modiﬁed AC was char-
acterized from 196 C N2 adsorption–desorption using a Microm-
eritics apparatus (Tristar II 3020 model). The samples were
previously outgassed at 150 C for 8 h to a residual pressure of
105 Torr. The BET equation was used to obtain the apparent sur-
face area (ABET) at relative pressure between 0.01 and 0.25 [43]
and the Dubinin–Radushkevich equation for micropore volume
estimation. The difference between the volume of N2 adsorbed
(as liquid) at 0.95 relative pressure and the micropore volume
was taken as mesopore volume and DFT method was used to ob-
tain the pore size distribution of the ACs [44].
The amount of surface oxygen groups (SOGs) of the ACs was
determined by temperature programmed desorption (TPD). TheC
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Fig. 2. Schematic diagram of tevolved amounts of CO and CO2 were analyzed by means of a
non-dispersive infrared absorption analyzer (Siemens, model
Ultramat 22). The CO and CO2 TPD proﬁles were deconvoluted
using PeakFit 4.12, selecting a multiple Gaussian function to ﬁt
each deconvolution peak [45]. TPD experiments were carried out
by heating 0.1 g of the AC sample up to 1100 C in an electrically
heated vertical quartz tube under continuous N2 ﬂow of
1 N L min1 at a heating rate of 10 C min1.2.2. Computational details
The molecular geometry of all compounds (MCM, DCM, TCM
and AC models) was optimized at the B3LYP/6-31++G computa-
tional level in the ideal gas phase using the quantum chemical
Gaussian03 package [46]. Vibrational frequency calculations were
performed in each case to conﬁrm the presence of an energy min-
imum. Once the molecular models were optimized, Gaussian03
was used to compute the COSMO ﬁles. The ideal screening charges
on the molecular surface for each species were calculated by the
continuum solvation COSMO model using BVP86/TZVP/DGA1 level
of theory. Subsequently, COSMO ﬁles were used as an input in COS-
MOthermX [47] code to calculate the thermodynamic properties
(Henry’s law constants of Cl-VOCs for different AC models).
According to our chosen quantum method, the functional and the
basis set, we used the corresponding parameterization
(BP_TZVP_C21_0108) for COSMO-RS calculations in COSMOtherm
code.3. Results
3.1. Analysis of operating conditions
Figs. 3–7 depict the breakthrough curves obtained for the
adsorption of DCM onto the commercial AC-MkU at the different
operating conditions. For the sake of comparison, we have obtained
the values of DCM adsorption capacity at saturation (qs) of AC-MkU
from the breakthrough curves for each experiment, calculated by:Oven
Reactor
GC (FID)
Gas
TIC
PIC
he gas adsorption system.
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Fig. 3. Experimental (dots) and predicted (lines) breakthrough curves of DCM
adsorption with AC-MkU at different gas ﬂow rates. Experiments carried out with
250 mg of AC-MkU, 1000 ppmv of inlet DCM/N2 concentration, 35 C and 1.5 atm.
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Q
m
Z ts
0
C0  Cdt ð1Þ
where Q is the gas ﬂow rate (N L min1);m is the mass of adsorbent
in the column (mg); t the time ﬂow at which C = C0 and C0 and C the
inlet and outlet DCM concentrations (mg L1). Also, the theoretical
model developed by Yoon and Nelson [32] was applied to describe
the breakthrough curves, which were ﬁtted to the expression:
t ¼ t0:5 þ 1k ln
c
c0  c ð2Þ
where t is the operation time (min) and t0.5 is the time at which the
outlet concentration is one half of the inlet and k is a proportionality
constant (h1). The parameter k of Yoon and Nelson model is named
an effective kinetic constant depending on a dimensionless adjust-
able constant, the inlet concentration of contaminant, the gas ﬂow
rate and the mass of adsorbent. This model has been successfully
applied to describe the breakthrough curves of the ﬁxed-bed
adsorption for different contaminant gases onto solid sorbents
[48–50], including a recent treatment for Cl-VOCs [27], gathering
in simple parameter information about the removal efﬁciency.
In addition, the length of mass transfer zone (HMTZ) has been
estimated from the breakthrough curves using the expression:
HMTZ ¼ H  ðt0:5  t0:05Þt0:95 ð3Þ
where H is the length of the entire AC bed in the column, t0.95 and
t0.05 are the times at which the outlet DCM concentrations are 95%
and 5% of the inlet one, respectively.
Table 1 summarizes the results of the adsorption experiments
carried out with DCM and the original activated carbon AC-MkU
at the different operating conditions tested, including the qs and
HMTZ values and the ﬁtting parameters of Yoon and Nelson model
(K) as well as the correlation coefﬁcients. As can be seen, the exper-
imental breakthrough curves are fairly well described by the Yoon
and Nelson model.
As expected, the saturation capacity (qs) is neither affected by
the gas ﬂow-rate (Q, Fig. 3) nor by the amount of AC (m, Fig. 4)Table 1
Operating conditions and results of the adsorption experiments of DCM with
commercial AC-MkU.
Operating conditions
Q
(N mL min1)
m
(g)
C0
(ppmv)
T
(C)
P
(atm)
qs
(mg g1)
HMTZ
(cm)
k
(h1)
R2
100 0.25 1015 35 1.5 111.1 1.4 21.8 0.995
60 0.25 1003 35 1.5 115.7 0.9 19.6 0.950
40 0.25 983 35 1.5 115.9 0.6 18.7 0.977
100 0.42 1000 35 1.5 111.7 1.3 20.9 0.957
100 0.25 1015 35 1.5 111.1 1.4 21.8 0.995
100 0.16 1000 35 1.5 111.0 1.2 19.8 0.952
100 0.25 3998 35 1.5 200.8 1.3 48.4 0.937
100 0.25 2711 35 1.5 165.8 1.0 47.1 0.982
100 0.25 2001 35 1.5 187.1 1.1 30.4 0.982
100 0.25 1431 35 1.5 150.5 1.3 24.1 0.997
100 0.25 1015 35 1.5 111.1 1.4 21.8 0.995
100 0.25 808 35 1.5 108.0 1.2 19.1 0.979
100 0.25 500 35 1.5 107.5 0.8 17.0 0.952
100 0.25 207 35 1.5 61.7 1.0 10.3 0.992
100 0.25 996 100 1.5 29.4 2.7 33.9 0.950
100 0.25 1047 75 1.5 44.8 2.0 32.8 0.989
100 0.25 1024 50 1.5 81.7 1.3 29.9 0.958
100 0.25 1015 35 1.5 111.1 1.4 21.8 0.995
100 0.25 1066 35 4 156.1 0.8 27.5 0.979
100 0.25 1012 35 3 143.4 0.9 27.2 0.954
100 0.25 1001 35 2 121.7 1.1 24.5 0.999
100 0.25 1015 35 1.5 111.1 1.4 21.8 0.995
0 50 100 150 200
Time (min)
Fig. 4. Experimental (dots) and predicted (lines) breakthrough curves of DCM
adsorption with AC-MkU using different bed lengths. Experiments carried out at
1000 ppmv of inlet DCM/N2 concentration, 35 C, 1.5 atm and 100 N mL min1 of
gas ﬂow rate.provided the inlet DCM concentration is maintained practically
constant. Varying the amount of adsorbent (AC-MkU) in the col-
umn gives rise to different bed lengths and, consequently, contact
times. No signiﬁcant effects on the kinetics of adsorption process
were observed, as can be seen from the values of k and HMTZ of
Table 1. On the other hand, looking at the length of the mass-
transfer zone (HMTZ) it consistently increases with the gas ﬂow-
rate.
Fig. 5A shows the breakthrough curves for DCM adsorption with
AC-MkU at 35 C and different DCM inlet concentrations. The val-
ues of adsorption capacity at saturation (qs) and the rate constant
(k) are collected in Table 1. The breakthrough curve is steeper at
higher inlet concentration, since the concentration gradient
(driving force) increases giving rise to higher values of the kinetic
constant k. Obviously, saturation of the adsorbent bed occurs in
less time due to the higher DCM mass ﬂow. From these break-
through curves, the adsorption isotherm of DCM can be obtained,
being depicted in Fig. 5B. The experimental data were ﬁtted to
the well-known Langmuir equation:
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Fig. 5. (A) Experimental (dots) and predicted (lines) breakthrough curves at different DCM/N2 inlet concentrations; and (B) adsorption isotherm obtained from the
breakthrough curves at 35 C. Experiments carried out with 250 mg of AC-MkU, 1.5 atm and 100 N mL min1 gas ﬂow rate.
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Fig. 6. Experimental (dots) and predicted (lines) breakthrough curves of DCM
adsorption at different temperatures. Experiments carried out with 250 mg of AC-
MkU, 1000 ppmv of initial DCM/N2 concentration, at 1.5 atm and 100 N mL min1
gas ﬂow rate.
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Fig. 7. Experimental (dots) and predicted (lines) breakthrough curves of DCM
adsorption with AC-MkU at different total pressures. Experiments carried out with
250 mg of AC-MkU, 1000 ppmv of inlet DCM/N2 concentration, 35 C and
100 N mL min1 gas ﬂow rate.
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qmBPe
1þ BPe ð4Þ
where qm refers to the monolayer adsorption capacity, Pe is the par-
tial pressure of DCM at equilibrium and B is the Langmuir constant.
The equilibrium data of Fig. 5B reveal a fairly high adsorption
capacity of AC-MkU for DCM (Langmuir isotherm parameters:
qm = 249 mg g1 and B = 0.0012 kPa1). The adsorption capacity
value compares very well with the reported by Long et al. [27] using
a complex hydrophobic hypercrosslinked polymer, recently pro-
posed as an effective adsorbent for removal of Cl-VOCs.
Another important operating condition is temperature. Fig. 6
shows the breakthrough curves obtained at 35, 50, 75 and 100 C
for DCM adsorption with AC-MkU at 1000 ppmv inlet concentra-
tion. The adsorption capacity is signiﬁcantly higher at lower tem-
perature, indicative of physical adsorption. The favorable effect of
temperature on the adsorption rate is conﬁrmed by the k values
(Table 1). Increasing the temperature leads to a higher volumetric
gas ﬂow giving rise to higher HMTZ values in spite of higher adsorp-
tion rate.
Saturation capacity (qs) increases with the operating pressure
due to the higher relative pressure of DCM (Fig. 7). Increasing thepressure at the same normal ﬂow-rate (four last experiments of Ta-
ble 1) also decreases HMTZ due to the lower values of superﬁcial
velocity. Simultaneously the higher driving force improves the
adsorption rate as can be seen from the corresponding k values
of Table 1.
Regeneration of the adsorbent is an important issue regarding
the potential application of adsorption. Fig. 8 shows examples of
DCM adsorption/desorption curves obtained with AC-MkU.
Desorption was performed under continuous N2 ﬂow
(100 N mLmin1) at the same temperature and pressure than
adsorption (35 C and 1 atm in this case). Complete desorption of
DCM was achieved and the adsorption capacity after four succes-
sive regeneration cycles remained virtually constant.3.2. Adsorption with chemically modiﬁed ACs.
It is well-known that both the porous structure and the surface
chemistry of activated carbons are important issues determining
the adsorption of different solutes [51]. Increasing the surface area
of sorbent materials will generally lead to improved adsorption,
0.0
0.2
0.4
0.6
0.8
1.0
0 200 400 600 800 1000 1200
C
/C
0
Time (min)
Fig. 8. Experimental adsorption (j) desorption (h) curves of DCM. Experiments
carried out with 250 mg of AC-MkU, at 35 C and 1.5 atm, 1000 ppmv DCM/N2 and
100 N mL min1 of total gas ﬂow.
Table 2
Henry constants (bar) of MCM, DCM and TCM in the AC models showed in Fig. 1
predicted by COSMO-RS at 35 C.
AC model Fig. 1 Functionalization MCM DCM TCM
(1) AC None 5.35 0.69 0.33
(2) AC-COOCO Carboxylic anhydride 4.78 0.46 0.24
(3) AC-OH Hydroxyl 4.85 0.68 0.38
(4) AC-COOH Carboxylic acid 5.98 0.69 0.33
(5) AC-CO Carbonyl 4.78 0.41 0.18
(6) AC-CN Nitrile 5.22 0.53 0.26
(7) AC-CONH2 Amide 6.54 0.65 0.33
(8) AC-NH2 Amine 4.95 0.64 0.38
(9) AC-Pyr Pyridine 5.20 0.37 0.12
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solute adsorption is closely related to the chemical nature of the
adsorptive. Therefore, we have analyzed the possible interactions
between different functional groups in the surface of AC and Cl-
VOCs. For this purpose, molecular models of AC with a wide variety
of functional groups (Fig. 1) were optimized by quantum-chemical
calculations and used in COSMO-RS to calculate the Henry con-
stants (partition coefﬁcient between gas phase and AC) for the-
1
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Fig. 9. CO2 (A) and CO (B) TPD proﬁlesthree Cl-VOCs (MCM, DCM and TCM). Those Henry constants were
used for predicting the adsorption capacities. The results are col-
lected in Table 2. The numerical value of Henry constant is rever-
sely proportional to the predicted concentration of Cl-VOC
retained in the AC phase, following the expression:
KH ¼
PClVOCeqGas
xClVOCAC
ð5Þ
where KH is the Henry constant, xClVOCAC is the mole fraction of the Cl-
VOC solute in the AC phase and PClVOCeqGas is the partial pressure of Cl-
VOC compound in the gas phase. Therefore, a lower value of KH
means higher afﬁnity of the adsorbent material for Cl-VOC com-
pound. According with the values of Table 2 the adsorption capac-
ities follow the order TCM > DCM > MCM for all the AC models
studied. Therefore, the predicted uptake of Cl-VOCs by ACs in-
creases with the number of chlorine atoms of the molecule, consis-
tently with the lower volatility of the solute. In addition, the results
of Table 2 indicate that the adsorption capacity is affected by the
nature of the functional groups on the AC surface. The presence of
hydrogen-bond (HB) acceptor groups, as carbonyl or carboxylic
anhydride, enhances solute-AC interactions diminishing KH values
in some extent, being this effect more signiﬁcant as the acidic char-
acter of Cl-VOCs increases in the order TCM > DCM > MCM. On the
other hand, the functionalization of AC by surface oxygen groups
(SOGs) with dominant HB donor character, as carboxylic acid or hy-
droxyl, results in similar or higher KH values. In order to obtain fur-
ther insights on the interactions between the components involved
in adsorption phenomena, COSMO-RS analysis has been completed
by calculating the excess enthalpies (HE) of the mixture formed by
AC and TCM, used as reference of Cl-VOC compound (Table S1 in
Supplementary Content), together with the contribution of the po-
lar, hydrogen-bonding and Van der Waals interactions to the HE val-
ues. COSMO-RS calculations revealed an exothermic mixing of TCM
with AC functionalized by HB-acceptor SOGs (AC-COOCO and AC-
CO). The attractive hydrogen-bonding and polar interactions are
the main responsible of this behavior and explain the lower KH val-
ues obtained for AC-COOCO and AC-CO respect to AC specie. On the
contrary, HB donor groups (AC-COOH and AC-OH) on AC surface
promote repulsive hydrogen-bond interactions with the acidic
TCM compound, giving a less favored mixture, in correspondence
with the higher values of KH reported in Table 2.
In order to check experimentally the inﬂuence of the surface
chemistry of AC on Cl-VOCs adsorption, the starting commercial
AC (AC-MkU) was subjected to thermal treatment in N20.00
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for the starting and modiﬁed AC.
Table 3
Textural characteristics and assessment of oxygen surface groups from deconvolution of TPD proﬁles for the starting and modiﬁed ACs.
ABET
(m2 g1)
Average
pore size
(nm)
Vmicrop.
(cm3 g1)
Vmesop.
(cm3 g1)
Groups evolved as CO2 (lmol g1) Groups evolved as CO (lmol g1)
Carboxylic
acids
Anhydrides Lactones Pirones Total Anhydrides Phenols Carbonyl Chromenes Total
AC-MkU 927 2.13 0.36 0.22 63.1 19.9 39.1 60.7 182.8 50.4 73.9 315.1 51.0 490.4
AC-Mk900 906 2.35 0.36 0.23 37.9 27.5 18.6 27.7 111.7 47.5 57.0 69.2 148.5 322.2
AC-MkS 872 2.47 0.34 0.26 198.5 16.3 53.5 83.4 351.7 196.2 158.6 532.0 165.7 1052.5
AC-MkN 856 2.38 0.33 0.24 209.3 182.8 53.5 128.1 573.8 437.5 351.8 874.9 214.6 1878.8
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nitric acid (AC-MkN) and ammonium persulfate (AC-MkS). Fig. 9
shows the TPD proﬁles of these activated carbons. Both oxidized
carbons, AC-MkN and AC-MkS, present a substantially increased
amount of SOGs with respect to the starting activated carbon, evi-
denced by the signiﬁcantly higher amounts of CO and CO2 evolved
upon TPD, whereas the thermal treatment in inert atmosphere pro-
vokes a loose of SOGs. Particularly signiﬁcant was the oxidation
with nitric acid, where the amount of oxygen surface groups in-
creased by threefold (Table 3). It is also remarkable that the oxygen
groups with hydrogen bond acceptor character (carbonyls, anhy-
drides) are majority in the adsorbent surface of all ACs. Table 3
shows that all used ACs presents high microporosity and an aver-
age pore with of 2.1–2.5 nm. Characterization analysis also showed
that pore structure of the AC remains almost unchanged after the
different treatments. Only small although monotonical decrease
of the BET surface area can be observed as the amount of SOG in-
creases. Untreated AC-MkU presents the lowest mesopore volume0 20 40 60
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Fig. 10. Experimental (dots) and predicted (lines) breakthrough curves of Cl-VOCs adso
total gas ﬂow and 1000 ppmv of inlet Cl-VOC/N2 concentration).
Table 4
Results of the column tests of Cl-VOCs adsorption with the starting and modiﬁed ACs.
Operating conditions
Solute Adsorbent Q (N mL min1) m (g) C0 (ppmv) T
TCM AC-Mk900 100 0.25 846 35
TCM AC-MkU 100 0.25 854 35
TCM AC-MkS 100 0.25 849 35
TCM AC-MkN 100 0.25 856 35
DCM AC-Mk900 100 0.25 971 35
DCM AC-MkU 100 0.25 1015 35
DCM AC-MkS 100 0.25 971 35
DCM AC-MkN 100 0.25 995 35
MCM AC-Mk900 100 0.25 1068 35
MCM AC-MkU 100 0.25 1135 35
MCM AC-MkS 100 0.25 1046 35
MCM AC-MkN 100 0.25 1192 35and that a slight increase in mesoporosity takes place as a result of
oxidation. This observation is in agreement with the increase in
average pore size (Table 3) and with porosity generation upon oxi-
dative treatments previously reported [52]. In addition to this, an
increase in average pore size was observed for the activated carbon
subjected to thermal treatment (AC-Mk900), which can be ascribed
to burn-off generated by the desorption of SOGs [53].
Fig. 10 compares the results of column tests of TCM, DCM and
MCM adsorption with the starting and modiﬁed ACs. Table 4 sum-
marizes the operating conditions and the values obtained for qs, k
and HMTZ. As can be seen, the adsorption capacities signiﬁcantly in-
creased with the number of chlorine atoms of the Cl-VOCmolecule,
in agreement with COSMO-RS predictions. With regard to the ef-
fect of the surface chemistry of the ACs, it can be seen that the
adsorption capacity increases in the order AC-Mk900 < AC-
MkU < AC-MkS < AC-MkN, i.e. with the amount of SOGs of the AC,
despite the small decrease of surface area. Oxidation is not selec-
tive and both HB acceptor and donor SOGs are generated (Table 3),80 100 120 140
e (min)
0 10 20 30 40 50
Time (min)
(C)
MCM
rption with the starting and modiﬁed ACs (250 mg AC-MkU, 35 C, 100 N mL min1
qs (mg g1) HMTZ (cm) k (h1) R2
(C) P (atm)
1.5 197.3 1.1 18.0 0.989
1.5 203.1 0.7 27.5 0.979
1.5 205.0 0.8 25.0 0.993
1.5 213.4 0.9 21.0 0.999
1.5 103.0 1.4 21.2 0.998
1.5 111.1 1.4 21.8 0.995
1.5 116.4 1.1 23.2 0.956
1.5 123.9 1.0 22.6 0.987
1.5 8.4 5.1 34.0 0.986
1.5 14.1 5.1 21.9 0.935
1.5 16.2 5.3 16.2 0.983
1.5 22.2 3.3 25.6 0.995
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acceptor SOGs prevails and the uptake increase upon oxidation,
conﬁrming COSMO-RS predictions respect to the positive effect
of hydrogen-bond acceptor groups on the adsorption of
chloromethanes.
4. Conclusions
Efﬁcient and fast adsorption of dichloromethane from gas
stream onto commercial activated carbon was proved by ﬁxed-
bed experiments at a wide range of operating conditions (total
gas ﬂow rate, bed length, inlet concentration, temperature and
pressure). The effects of these operating conditions on the equilib-
rium capacity and the rate of adsorption have been analyzed.
Desorption experiments showed that complete regeneration of
the exhausted adsorbent can be successfully achieved under mild
conditions (atmospheric pressure and room temperature). The
quantum-chemical COSMO-RS method allowed predicting the rel-
ative order of adsorption of chloromethanes (TCM > DCM > MCM)
and the favorable effect of introducing surface oxygen groups on
the activated carbon. Those theoretical ﬁndings were experimen-
tally conﬁrmed indicating that the COSMO-RS method provides
an interesting tool as a guide for activated carbon tuning addressed
to improved adsorption of speciﬁc compounds from gas streams.
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